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a b s t r a c t 
The pebbles of Li 2 TiO 3 with excess Li, which is in a developmental stage in JAEA (Japan Atomic Energy 
Agency) as an advanced tritium breeding material, were exposed to water vapor at elevated temperatures. 
In the temperature rising process from room temperature to 900 °C, pore distribution and BET surface 
area were largely changed. The surface area decreased gradually by a sintering effect when maintained 
at 900 °C for a long time. The release of water vapor was observed at about 450 °C by the decomposition 
of LiOH in addition to the release of adsorbed water at the beginning of heating. A large release peak of 
CO 2 was observed at 700 °C. This is caused by the decomposition of Li 2 CO 3 . A remarkable melt layer was 
formed on the pebble surface over 700 °C by melting of Li 2 CO 3 . The change of pebble structure and the 
inﬂuences of LiOH and Li 2 CO 3 have to be taken into account, when the release behavior of bred tritium 
from Li 2 TiO 3 pebbles is discussed. 
© 2016 The Authors. Published by Elsevier Ltd. 
This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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2. Introduction 
The change of pebble structure of Li ceramic breeder inﬂuences
he release behavior of bred tritium. It has been found that a cer-
ain amount of water vapor is released from Li ceramic breeder
t elevated temperatures [1] . This water vapor is caused by the
hemically adsorbed water on the surface and the generated wa-
er by the reaction of oxygen and hydrogen added in the purge
as. In the previous work by the present authors, it was observed
hat the weight reduction of the pebbles under water vapor atmo-
phere is larger than that under hydrogen atmosphere [2] . How-
ver, the structure change of the pebbles at elevated temperatures
nder water vapor atmosphere has not been investigated yet. In
his work, the pebbles of Li 2 TiO 3 with excess Li were exposed
o water vapor at elevated temperatures and the change of peb-
le structure was investigated. Additionally, chemical reactions in
 heating process were discussed. ∗ Corresponding author. 
E-mail address: kadzu@nucl.kyushu-u.ac.jp (K. Katayama). 
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.1. Sample 
Sample pebbles used in this work were Li 2 TiO 3 with excess
i (Li/Ti = 2.11) supplied from JAEA (Japan Atomic Energy Agency).
he sample pebbles are in a developmental stage in JAEA as an ad-
anced tritium breeding material and is same as used in our pre-
ious work in which Li mass loss was investigated [2] . The pebbles
ere fabricated by using the emulsion method [3] . 
.2. Exposure to water vapor 
The experimental apparatus is schematically shown in Fig. 1 .
he sample pebbles of 0.5 g or 1.0 g were packed in a quartz tube,
00 mm in length and 4 mm in inner diameter. The packed bed
as ﬁxed by quartz wool. A thermocouple placed inside a quartz
ube with outer diameter of 3 mm was inserted into the quartz
ube and the contact with the quartz wool placed in the upstream
ide. Water vapor was formed by passing through H 2 /Ar mixture
as to a CuO bed heated to 350 °C. The water vapor concentration
an be controlled by the hydrogen concentration of H 2 /Ar mixture
as. The sample pebbles were heated to the target temperature
ith a ramp rate of 5 °C/min. After reaching the target tempera-
ure, the temperature was hold. The water vapor concentration innder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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Fig. 1. Schematic of the experimental apparatus. 
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Fig. 2. Changes of BET surface area, averaged pore diameter and normalized weight 
of sample pebbles heated to 900 °C under 50 Pa water vapor. 
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Fig. 3. Pore size distribution and cumulative pore volume of sample pebbles heated 
to 900 °C under 50 Pa water vapor. 
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p  the outlet gas of the sample bed was measured with a hygrom-
eter (MAH-50, SHIMAZU Co.). The outlet gas and the dry Ar gas
were separately introduced into the hygrometer. Total gas ﬂow rate
was controlled to be 400 cc/min by mass ﬂow controllers and con-
ﬁrmed by a soap-ﬁlm ﬂow meter. The impurity water vapor in the
purge gas was excluded by a cold trap in which MS-5A was packed.
At ﬁrst Ar gas purge of the sample bed was carried out at room
temperature to remove the physically adsorbed water from the
pebbles. After the concentration of water vapor in the outlet gas
of the sample bed decreases enough, the purge gas was changed
to the Ar gas containing water vapor and the heating was started. 
2.3. Measurement of gas component 
The sample pebbles of 1.0 g were packed in the quartz tube. The
outlet gas line of the sample bed was connected to a gas chromato-
graph (GC:Tracera, SHIMAZU Co.). About 200 Pa water vapor/He
mixture gas, which was formed by passing through 20 0 0 ppm
He/Ar mixture gas to the CuO bed heated to 350 °C, used in this
experiment. The measurement was performed in the temperature
range from 600 °C to 900 °C. Calibration of GC was carried out by
using standard mixture gas including H 2 , N 2 , O 2 , CH 4 , CO, CO 2 and
Ar. 
2.4. Measurement of BET surface area 
BET surface area of sample pebbles were measured by N 2 gas
adsorption method using a micrometric automatic surface analyzer
(TriStar-II3020, SHIMAZU Co.), which can measure a pore size dis-
tribution. The measurement was performed repeatedly 5 times for
each samples. 
2.5. SEM observation 
The surface and the inside of the pebble were observed by
a scanning electron microscopy (SEM:SU80 0 0, Hitachi High-Tech.
Co.) which was installed at the Center of Advanced Instrumental
Analysis, Kyushu University. The pebbles were broken and the in-
side structure was observed. Please cite this article as: K. Katayama et al., Pebble structure change 
temperatures, Nuclear Materials and Energy (2016), http://dx.doi.org/10. Results and discussion 
Fig. 2 shows the changes of BET surface area and averaged pore
olume with time. Additionally, the normalized weight change of
ample pebbles is plotted [2] . The weight reduction indicates the
vaporation of Li-containing species, which seems to end at around
0 h. The BET surface area decreased and the averaged pore di-
meter increased with time. This is due to the sintering effect
hat grains have combined with each other under high tempera-
ure condition. The averaged pore diameter increased steeply by
ncreasing the temperature from room temperature to 900 °C and
hen it increased gradually. 
The pore size distribution (dV/dD) and the cumulative pore vol-
me from large size pores to small size pores are shown in Fig. 3 .
he value of dV/dD shows a pore volume change (dV) against
he pore size change (dD). Originally, the pebbles have 50 A˚ pores
ainly and then a few 100 A˚ pores were additionally generated in
he temperature rising process. As a consequence, the pore volume
ncreased 1.6 times after 3 h. After 51 h, the peak at 50 A˚ disap-
eared and the pore size distributed broadly from small pores to-
ard large pores. It is considered that initial large change of the
ore distribution is caused by the chemical reactions related to theof Li 2 TiO 3 with excess Li in water vapor atmosphere at elevated 
.1016/j.nme.2016.05.006 
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Fig. 4. BET surface area of sample pebbles heated to 60 0, 70 0, 80 0 and 900 °C for 
51 h under different water vapor concentration. 
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Fig. 5. Internal and surface structure of a sample pebble heated to 60 0, 70 0, 80 0 
or 900 °C for 51 h under 50 Pa water vapor atmosphere. 
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2  elease of water vapor and the following gradual change is caused
y the sintering effect. 
Fig. 4 compares BET surface area of sample pebbles heated for
1 h at each temperature under different water vapor concentra-
ion. Initial BET surface area was 1.17 m 2 /g and it decreased to 1/2
t 600 °C, 1/10 at 700 °C and 800 °C and 1/4 at 900 °C. In the 900 °C
eating, BET surface area decreased with increasing water vapor
oncentration. This suggests that water vapor promotes a sintering
ffect. From the measurements of the pore distribution and BET
urface area, it is suggested that the relatively intense structural
hange occurred in the temperature rising process to 900 °C. 
Fig. 5 shows the internal and surface structure of the pebbles
eated at 60 0, 70 0, 80 0 and 900 °C for 51 h under 50 Pa water va-
or atmosphere, as compared with as-received pebbles. Originally
ample pebbles consist of grains with about 5 μm but the grain
oundary is indistinct on the surface. The obvious change is not
ecognized in the internal structure of each sample pebble. On the
ther hand, the surface structure was greatly changed depending
n temperature. Many small particles were distinctly observed on
he surface of the pebble heated at 600 °C, compared to as-received
ebbles. The surface of the pebble heated at 700 °C was covered
y the melt layer binding small particles. As for the pebble heated
t 800 °C, the grain boundary of the melt layer was more distinct
han that at 700 °C. As for the pebble heated at 900 °C, it was rec-
gnized that the melt layer consists of small particles and rela-
ively large cracks were observed. The cross section of the pebble
eated at 800 °C is shown in Fig. 6 . It was shown that the thick-
ess of the surface layer was about 10 μm. The thick surface layer
s undesirable because it disturbs the tritium release. 
Candidate components included in the surface layer are LiOH
nd Li 2 CO 3 . Although the sample pebbles were handled carefully,
t is diﬃcult to completely prevent the contact with the air com-
onents. LiOH is easily formed on the lithium compounds by the
eaction with water vapor. Also Li 2 TiO 3 reacts with CO 2 included
n air and Li 2 CO 3 is produced [4] . Additionally, in the fabrication
rocess, Li 2 CO 3 is formed by the reaction with Li and the binder
ncluding carbon and oxygen [5] and is left on the surface of the
intered Li 2 TiO 3 , depending on the sintering method. The sample
ebbles used in this work were sintered by the covered crucible.
he authors considered that CO 2 generated from the binder stag-
ated in the covered crucible and Li 2 CO 3 was formed by the re-
ction of CO 2 and Li on the pebble surface. It has been conﬁrmed
y Hoshino that Li 2 CO 3 was not observed in the pebbles sintered
n the uncovered crucible [6] . Therefore, it can be said that Li 2 CO 3 
as mainly produced during sintering process by using the cov-
red crucible. The melting point is about 470 °C for LiOH and aboutPlease cite this article as: K. Katayama et al., Pebble structure change 
temperatures, Nuclear Materials and Energy (2016), http://dx.doi.org/1020 °C for Li 2 CO 3 . Because the large change of surface structure oc-
urred between 600 °C and 700 °C, it is speculated that a certain
mount of Li 2 CO 3 is contained in the surface layer. 
Equilibrium pressure of water vapor in Li 2 O-H 2 O-LiOH system
as been reported in [7–9] and the direction of the following re-
ction depends on temperature and water vapor pressure in the
tmosphere. 
i 2 O + H 2 O ⇔ 2 LiOH (1)
Fig. 7 shows the release behavior of water vapor from the sam-
le pebbles in the temperature rising process under 50, 100 and
00 Pa water vapor. Two release peaks were observed in eachof Li 2 TiO 3 with excess Li in water vapor atmosphere at elevated 
.1016/j.nme.2016.05.006 
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Fig. 6. Cross section of a sample pebble heated to 800 °C for 51 h under 50 Pa water 
vapor atmosphere. 
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Fig. 7. Release behavior of water vapor from the sample pebbles under 50, 100 and 
200 Pa water vapor atmosphere. 
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Fig. 9. CO 2 concentration in the outlet gas of the sample bed exposed to 200 Pa 
water vapor at temperatures from 600 °C to 900 °C. 
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b  condition. First peak is caused by the release of adsorbed water
vapor. Second peak is considered to be caused by the decompo-
sition of LiOH. Equilibrium pressure of water vapor in Li 2 O-H 2 O-
LiOH system is shown in Fig. 8 as a function of temperature [7–9] .
The start point of second peak in each condition was plotted in
this ﬁgure. The obtained start point of second peak is correspond-
ing to the reference data. Therefore it is concluded that the second
peak is caused by the decomposition of LiOH. Please cite this article as: K. Katayama et al., Pebble structure change 
temperatures, Nuclear Materials and Energy (2016), http://dx.doi.org/10The gas component in the outlet gas of the sample bed was
easured from 600 °C to 90 0 °C under 20 0 Pa water vapor atmo-
phere. The release of CO 2 was observed in all temperatures and
O was not detected. The release behavior of CO 2 is shown in
ig. 9 . A large peak appeared at 700 °C. This is caused by the de-
omposition of Li 2 CO 3 . The concentration of CO 2 decreased largely
ver 750 °C. It is speculated that Li 2 CO 3 melted and the surface
ayer became liquid partially and complicated. As a consequent, the
mission rate of CO 2 decreased although a certain amounts of C
nd O existed in the surface layer. 
The XRD patterns of as-received pebbles and the pebbles heated
t 900 °C under 50 Pa water vapor for 51 h are compared with XRD
atterns of candidate materials in Fig. 10 [10,11] . It is suggested
rom the increment of intensity that the crystallinity of Li 2 TiO 3 in-
reased by heating. The small peaks from Li 2 CO 3 were observed in
oth as-received pebbles and heated pebbles. The peak intensity
rom Li 2 CO 3 became weak after heating. It is concluded from these
esults that a certain amount of Li 2 CO 3 is included in the surface
ayer of the sample pebbles. 
The present authors observed in the previous work that the
eight reduction of the pebbles under water vapor atmosphere is
arger than that under hydrogen atmosphere and also the weight
eduction at 600 °C was much smaller than that over 700 °C [2] . In
his work, it was observed that a large amount of CO 2 was gener-
ted by the following reaction. 
i 2 CO 3 ⇒ Li 2 O + CO 2 (2)
When Li 2 O is generated enough on the pebble surface under
ater vapor atmosphere, a certain amount of LiOH is generated by
he reaction (1) and evaporated. It is considered that this two-step
eaction is a main cause of the weight reduction of the pebbles
ver 700 °C under water vapor atmosphere. 
A certain amount of LiOH is basically present on the surface
f lithium ceramics through the reaction of Li and water vapor in
ir even if lithium ceramics is handled carefully in a leak tight
ontainer. Additionally, a certain amount of Li 2 CO 3 is potentially
ormed on Li 2 TiO 3 through the reaction with CO 2 included in air
ecause Li 2 TiO 3 has a character of CO 2 absorption. In a module of
he breeding blanket system of a fusion reactor, the release of wa-
er vapor caused by the decomposition of LiOH will occur in the
emperature rising process in addition to the release of adsorbed
ater. The release of water vapor from the pebbles affects tritium
elease behavior greatly. Also, Li 2 CO 3 affects the release rate of
red tritium because it melts at about 700 °C and becomes a massof Li 2 TiO 3 with excess Li in water vapor atmosphere at elevated 
.1016/j.nme.2016.05.006 
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Fig. 10. XRD patterns of as-received pebbles and the pebbles heated to 900 °C under 50 Pa water vapor for 51 h with XRD patterns of candidate components. 
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[  ransfer resistance layer on the pebble surface. Li 2 O generated by
he decomposition of Li 2 CO 3 reacts with water vapor and LiOH is
enerated. Because the vapor pressure of LiOH is higher than Li 2 O,
he loss of Li is promoted. 
When the tritium release behavior from Li 2 TiO 3 pebbles is dis-
ussed, tritium diffusion in the grain and some reactions on the
rain surface are taken into account generally [12,13] . In addition
o these transfer processes, inﬂuences of LiOH and Li 2 CO 3 formed
nintentionally have to be taken into account. Also, the changes
f pore distribution and surface area, which is unavoidable at el-
vated temperatures, have to be considered when tritium release
ate and tritium inventory are evaluated. 
. Conclusions 
In the temperature rising process from room temperature to
00 °C, the pore distribution and BET surface area were largely
hanged. The surface area decreased gradually by a sintering effect
hen maintained at a high temperature for a long time. 
LiOH and Li 2 CO 3 are potentially generated on Li 2 TiO 3 pebbles
epending on fabrication method or storage method of the peb-
les. The release of water vapor occurs at about 450 °C by the
ecomposition of LiOH. The large release of CO 2 occurs at about
00 °C by the decomposition of Li 2 CO 3 . The Li 2 O generated by the
ecomposition is changed to LiOH, when water vapor is present
n the atmosphere. LiOH promotes Li mass loss because the vapor
ressure is high. A remarkable melt layer is formed on the peb-Please cite this article as: K. Katayama et al., Pebble structure change 
temperatures, Nuclear Materials and Energy (2016), http://dx.doi.org/10le surface over 700 °C by melting of Li 2 CO 3 . The change of the
ebble structure and the inﬂuences of LiOH and Li 2 CO 3 have to be
aken into account, when the release behavior of bred tritium from
i 2 TiO 3 pebbles are discussed. 
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